Two experiments were carried out to compare two techniques (amino acid supplementation and dilution) for formulating experimental diets for pre-starter (1 to 8 days) and starter (8 to 22 days) broiler chicks and to estimate digestible lysine requirements using the doseresponse method. In each experiment, 1,200 male Cobb 500 chickens were randomly distributed according to a 5x2 factorial arrangement (lysine level x formulation technique) with six replicates of 20 birds each. For the supplemented diet, a basal diet was formulated to meet the nutritional requirements, then L-lysine HCl was added to achieve digestible lysine levels of 0.975, 1.082, 1.189, 1.296 and 1.403% in the pre-starter diets and 0.840, 0.932, 1.024, 1.116 and 1.208% in the starter diets. For the diluted diet, a diet high in crude protein (CP) and relatively low in lysine was formulated and to which was added a protein-free diet until lysine levels were similar to those described above for the supplemented diet. The results suggest that the dilution technique favored the performance potential and better met lysine requirements compared with the supplementation technique. Lysine levels required for optimal feed conversion ratio of broilers during the pre-starter and starter phases were estimated at 1.361 and 1.187%, which are equivalent to lysine intake of 0.340 and 0.797 g/day, respectively.
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IntRoduCtIon
Lysine is an essential amino acid closely associated with body protein deposition potential. It is considered the second limiting amino acid for broilers fed diets based on corn and soybean meal. For these reasons lysine was chosen as the reference amino acid for the "ideal protein" concept, which bases dietary amino acid concentrations on fixed ratios to lysine (Baker & Han, 1994) . In such diets, changing the lysine concentration will change the requirements for all other essential amino acids. This explains the importance of obtaining accurate and precise estimates of broiler lysine requirements.
Broiler responses to dietary lysine levels have been studied for decades. Several articles have been published on this subject, but their results are contradictory because numerous factors, including experimental methodology, influence lysine requirement determination.
The dose-response method has been traditionally applied to estimate broiler lysine requirements (Sakomura & Rostagno, 2007) . The technique used to formulate the experimental diets is an important aspect of this method. Most studies apply the amino acid supplementation (D'Mello, 1982) , but this method has been criticized (Fisher & Morris, 1970; Broilers, diet formulation, dose-response, lysine, performance.
1980; Moughan & Fuller, 2003) , particularly because successively increasing the levels of the limiting amino acid may change its balance relative to the other amino acids, which may affect broiler responses.
Another formulation technique, proposed by Fisher & Morris (1970) , consists in sequentially diluting a high-protein diet, which is relatively deficient in the tested amino acid, with an isoenergetic, protein-free diet. This dilution results in diets with intermediate levels of the tested amino acid. According to , this technique produces more reliable results than the amino acid supplementation technique, as it provides constant amino acid ratios across the evaluated treatments.
Because the concentration and ratio of essential and nonessential amino acids may directly affect broiler ability to efficiently use dietary amino acids (Heger & Frydrych, 1989) , and because supplementation and dilution produce diets with different amino acid ratios, broiler responses may be influenced by the technique used to formulate experimental diets. vitamin E, 15 g; vitamin K 3 , 1.8 g; Se, 300 mg; butylatedhydroxytoluene, 500 mg.
¥ Sodiumsalinomycin (60 mg/kg).
£ Ideal protein ratios (aa/Lys) recommended by Rostagno et al. (2005) .
# Values and ratios defined on total amino acid basis.
Therefore, this study aimed at comparing the effects of amino acid supplementation and diet dilution techniques and to estimate the digestible lysine requirements for pre-starter (1 to 8 day old) and starter (8 to 22 day old) broiler chickens using a dose-response method.
MAteRIAlS And MethodS
Two experiments were conducted at the poultry sector of the Department of Animal Science of the School of Agrarian Sciences and Veterinary Medicine, São Paulo State University, state of São Paulo, Brazil. The study was approved by the Ethics and Animal Welfare Commission of that institution.
Birds, facilities, and management
In each of the two experiments, 1,200 male Cobb 500 broiler chickens, with initial body weight (± standard deviation) of 39.31 ± 0.02 g and 139.03 ± 0.07 gat the beginning of the pre-starter phase (1 to 8 days) and the starter phase (8 to 22 days), respectively, totaling 2,400 birds. Birds were housed in a masonry broiler housed covered with clay tiles. The house was divided in 60 pens, measuring 4.50 m 2 each, equipped with one tube feeder and one bell drinker. Continuous lighting (24 h of light per day) was provided during the experiments, and brooding, using a 250 W infrared lamp per pen, was provided until birds were 14 days old.
Experimental design
In each experiment, 1,200 Cobb 500 male chickens were randomly distributed according to a 5 x 2 factorial design (digestible lysine level x diet formulation method), totaling ten treatments with six replicates of 20 birds each. Birds were individually weighed at the beginning of each experiment to establish homogeneous-weight groups.
Diet formulation
Before formulating the experimental diets, total amino acid levels in corn and soybean meal were determined using HPLC, and were then converted into digestible amino acids using the digestibility coefficients proposed by Rostagno et al. (2005) .
The amino acid-supplemented diets consisted of a corn-and soybean-based basal diet formulated to meet the recommended nutritional requirements in each phase (Rostagno et al., 2005) , with the exception of lysine. L-lysine HCl (78.5%) was then added to the basal diet at the expense of L-glutamic acid and corn starch, resulting in isoenergetic and isonitrogenous diets with increasing digestible lysine levels in each phase. The other essential amino acids were supplemented so their ratios to lysine exceeded the ideal protein ratio (Rostagno et al., 2005) in at least 3% (Tables 1 and 2 ) to ensure that no other amino acid would be limiting.
Two diets were formulated using the dilution method. One diet contained high crude protein levels and approximately 108% of the digestible lysine requirements for each phase; the other diet contained enough amino acids to exceed the ideal protein ratios recommended by Rostagno et al. (2005) by at least three percentage points. Other proteinfree isoenergetic diets were formulated and used to sequentially dilute these diets in order to obtain diets with increasing digestible lysine levels in each phase (Tables 3 and 4) identical to those obtained with the amino acid supplementation technique, but with a constant amino acids-to-lysine ratio.
Evaluated parameters and laboratorial analyses
The following performance parameters were evaluated in each experiment: body weight gain (g), feed intake (g), digestible lysine intake (g), and feed conversion ratio (g/g).
Protein deposition (g) and body fat (g) were determined by comparative slaughter at the beginning (reference groups) and end of each feeding phase. The reference groups included18 birds (six replicates of three birds each) per experimental group, weighing±5% of their initial body weight. At the end of each experiment, three birds per experimental unit, weighing±5% average weight were selected, in a total of 180 birds. After submitted to 24-h fasting to completely empty their digestive tract, birds were weighed, sacrificed by asphyxiation with CO 2 , featherplucked, and weighed again. Absolute feather weight (g) was obtained by the difference between fasted body weight (g) and feather-free bodyweight (g), and relative feather weight (%) was calculated in relation to fasted body weight.
Carcasses were frozen, after which they were ground in an industrial meat grinder and homogenized. Aliquots were placed in disposable Petri dishes, weighed, and refrozen (-20ºC). Samples were freezedried for 72h (-50ºC; -80kPa), weighed again, and then processed in a micro mill. Feather samples were manually cut with scissors and homogenized, and then submitted to the laboratory, along with carcass samples, for analyses.
Carcass and feather crude fat content was obtained by extraction with petroleum ether in a Soxlet apparatus. Total nitrogen content was quantified in de-fatted samples using the Kjeldahl method (AOAC, 1995) .
Body lysine content (g) in the beginning and end of each experiment was obtained by multiplying body protein content (g) by lysine concentration (%) in body protein, according the following equation: [(100-feather%) x 7.5/100] + [(feather% x 1.8)/100]. The values 7.5 and 1.8% refer to lysine percentages in the protein of the feather-free body and in the feathers, respectively, as found in literature (Emmans & Fisher, 1986; Emmans & Oldham, 1988; Sklan & Noy, 2004) . Body lysine deposition (g) was calculated as the difference in lysine body content between the beginning and end of each phase.
The efficiency of dietary lysine utilization for growth (%) during each phase was calculated as the ratio between lysine deposition and digestible lysine intake Siqueira JC, Sakomura NK, Dourado LRB, Ezequiel JMB, Barbosa NAA, Fernandes JBK Diet formulation techniques and lysine requirements of 1-to 22-day-old broilers used only for maintenance, according to the following formula: [lysine deposition/(digestible lysine intakedigestible lysine requirement for maintenance) x 100]. A lysine maintenance requirement of 45mg/kg 0.75 /day was applied, as determined in metabolism trials with sexually-mature roosters (Siqueira et al., 2011) .
Statistical analyses
The assumptions of normality and homoscedasticity were verified and met by the tests of Cramer-Von Mises and Levene, respectively. The data were then submitted to analysis of variance, according to the following statistical model: Y ij(k) =m+Lys i +T j +LysxT ij +ε ij(k) , where Y ij(k) is the observed value for the variable studied, m is the effect of the general mean, Lys is the effect of the i th dietary lysine level, T j is the effect of the j th formulation method, LysxT ij is the effect of the interaction between dietary lysine levels and formulation method, and ε ij(k) is the experimental error. Subsequently, data were submitted to analysis of regression, with lysine level as independent variable using polynomial models of first and second order. The goodness of fit of the equations obtained with the different models was evaluated considering the significance of the F test from the regression model and the coefficients of determination (R 2 ). 
ReSultS
During the pre-starter phase, lysine intake (LysI), body weight gain (BWG) and feed conversion ratio (FCR) responses to increasing lysine levels were independent of diet formulation technique. Interactions 
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among lysine levels and formulation techniques for the deposition of protein (PD), fat (FD), lysine (LysD) and efficiency of lysine utilization (ELys) were observed. Feed intake (FI) and relative feather weight (RFW) were not affected (p>0.05) by lysine level or diet formulation technique (Table 5 ). The equations, adjusted for the different variables, F test significance, coefficients of determination (R 2 ), and optimal digestible lysine levels (OLys) ofpre-starter broiler diets are presented in Table 6 .
Lysine intake (LysI) and BWG of the birds were not affected (p>0.05) by diet formulation technique, and linearly increased with lysine levels.
Considering the effects of lysine levels and formulation technique on FCE, the parallelism test was performed. Differences were detected (p<0.05) only between the constants (β 0 ) of the individual equations, showing that the formulation technique did not influence the shape of FCR responses; nevertheless, the magnitude of these responses was different.
The level of digestible lysine estimated to improve bird FCR, irrespective of the formulation technique, was 1.361% (0.460%/Mcal ME); however, it was observed that the diet dilution technique potentiated the FCR responses (1.115 g/g), presenting 3.4% better values than the amino acid supplementation technique (1.154 g/g).
PD, FD, LysD, and ELys responses, as a function of dietary lysine levels, varied according to the formulation technique, highlighting the need to apply different equations for each technique. PD, LysD and ELys responses to supplementation technique Table 5 -Feed intake (FI), digestible lysine intake (LysI), body weight gain (BWG), feed conversion ratio (FCR), protein (PD), fat (FD) and lysine (LysD) depositions, efficiency of lysine utilization (ELys) and relative feather weight (RFW) of broilers during the pre-starter phase (1 to 8 days old) (Table 7) .
The equations, adjusted for the different variables, F testsignificance, coefficients of determination (R 2 ), and optimal digestible lysine levels (OLys) of starter phase diets are shown in Table 8 .
Diet formulation technique did not influence LysI (p>0.05), but it linearly increased with increasing dietary lysine levels. Body weight gain was not influenced (p>0.05) by formulation technique, and presented a quadratic behavior in response to increasing dietary lysine levels. The maximum BWG response estimated based on the quadratic equation was 647.03g, corresponding to a digestible lysine level of 1.171%.
Diet formulation technique and dietary lysine levels influenced FCR, but no interaction was observed between these factors, suggesting that their effects were independent. However, the test comparing the equation parameters (β 0 , β 1 and β 2 ) of each technique detected differences between the constants (β 0 ) and the linear parameters (β 1 ), indicating that the shape and magnitude of the FCR responses varied with the diet formulation technique, despite the absence of an interaction between factors.
When diets were diluted, increasing dietary lysine levels produced gradual reduction of FCR values. The best response (1.420 g/g) was obtained with an estimated digestible lysine value of 1.187%, which is higher than the 1.140% level required to optimize FCR response (1.478 g/g) using the amino acid supplementation technique.
Protein deposition and LysD were not affected (p>0.05) by the diet formulation technique, but linearly increased in response to increasing dietary lysine levels.
The interaction (lysine x technique) obtained for FD showed that the behavior of this parameter depends on the formulation technique. Using the supplementation technique, FD was not affected (p>0.05) by lysine The number in brackets must be subtracted to obtain the specific equation for the dilution technique. S = supplementation technique; D = dilution technique.
Siqueira JC, Sakomura NK, Dourado LRB, Ezequiel JMB, Barbosa NAA, Fernandes JBK Diet formulation techniques and lysine requirements of 1-to 22-day-old broilers levels; however, when the dilution technique was used, it linearly decreased. Considering the starter phase, diet formulation technique did not affect ELys (p>0.05), which was linearly reduced in response to increasing dietary lysine levels. Although there was an interaction between factors relative to RFW, it was not possible to adjust any of the regression models for the formulation techniques evaluated.
dISCuSSIon D'Mello (1982) compared broiler responses to increasing dietary lysine levels using amino acid supplementation (Boomgaardt & Baker, 1973) and diet dilution and found that both techniques resulted in similar weight gains. In the present study, the absence of formulation technique effects on FI and BWG confirmed the equivalent effect of techniques during both rearing phases; however, there was no equivalence for the other evaluated parameters.
In the pre-starter phase, FCR responses provided identical lysine level estimates (1.361%) for both formulation techniques; however, the magnitude of these responses was different, with the diluted diets showing a 3.4% improvement in FCR compared with the supplemented diets. Using the equation set for LysI, the estimate of 1.361% corresponded to a lysine in take of 340 mg/day for the first eight days. This is consistent with Rostagno et al. (2005) , who Diet formulation techniques and lysine requirements of 1-to 22-day-old broilers recommended 1.363% (328 mg/day) lysine for broiler chickens during the first seven days of life. The curvilinear responses of PD and LysD obtained with the supplementation technique suggest that these protein and lysine deposition may have been limited by another amino acid, which became limiting when L-lysine HCl was added to the experimental diets. Although glycine and serine are considered nonessential amino acids (D'Mello, 2003) , studies indicate that glycine can be conditionally essential for broilers, especially during the early stages of life, when vegetable diets supplemented with crystalline amino acids are used (Corzo et al., 2004; Dean et al., 2006) . Corzo et al. (2004) reported the specific needs of dietary glycine and suggested that the transamination of amino acids, such as threonine or serine to glycine, could be metabolically inefficient to meet the glycine requirements. Therefore, it is possible that PD and LysD responses to the supplementation technique were caused by total glycine+serine deficiency, particularly in the diets containing 1.296 and 1.403% of digestible lysine (Table 1) .
On the other hand, when the diets were formulated by the dilution technique (Table 3) , the ratio of lysine to glycine+serine in the experimental diets (161%) remained constant among treatments and was higher than that recommended for broiler chickens during the pre-starter phase (150%). Therefore, it is unlikely that glycine+serine deficiencies affected PD and LysD responses, which is confirmed by the increasing linear behavior of these variables.
Increasing levels of a given limiting amino acid in the diet can change weight gain composition, reducing fat deposition in broilers (Jones, 1986; Leclercq, 1998; Gous, 1998; 2007) . The results obtained during the pre-starter phase of the present study confirm this hypothesis only when the diet dilution technique was used. Lysine levels did not affect feather deposition of the birds fed diets formulated by the supplementation technique.
The factors that influence amino acid utilization efficiency have been extensively reviewed by Heger & Frydrych (1989) , who indicated that the relative concentration of the limiting amino acid in the diet as the main factor affecting efficiency. At suboptimal in take levels, amino acids are more efficiently used and only a small fraction is broken down. As the concentration of the limiting amino acid in the diet increases, its utilization efficiency decreases because a greater proportion is directed to alternative metabolic processes, unrelated to protein deposition (Heger & Frydrych, 1989) .This may explain the reduced ELys observed with increasing lysine levels in the present study.
In general, birds fed dilution-formulated diets used lysine more efficiently (75.57%) than those fed supplementation-formulated diets (73.22%). This sup- Heger & Frydrych (1989) . The diet dilution technique improved broiler performance potential, as shown by the best FCR responses, by FD reduction and by the increasing linear PD and LysD behavior responses. The digestible lysine level of 1.361% (0.460%/Mcal ME), estimated on FCR-basis, was adequate to meet the requirements of Cobb 500 broilers during the pre-starter phase (1 to 8 days). This corresponds to 2.38 g (340 mg/day) lysine intake during this period.
Statistically, the FCR results obtained fort he starter phase demonstrated that the analysis of variance was not able to explore the quantitative data, as discussed by Pesti et al. (2009) . Therefore, it is necessary to use methods capable of exploring the effects of qualitative factors (formulation technique) on the responses of quantitative factors (digestible lysine levels). In this study, the model adapted from Kaps & Lamberson (2004) was adequate for this purpose, detecting differences in the behavior of the responses to the formulation techniques in the absence of interactions between the studied factors, allowing a detailed analysis of the FCR responses.
For the starter phase, FCR responses obtained with the supplementation technique ceased before those observed with the dilution technique, showing that diluted diets enhanced broiler performance potential. Therefore, in a dilution-formulated diet, it is estimated that 1.187% (11.16 g/day) digestible lysine are required to supply FCR requirements of broilers during the starter phase.
The FD results obtained during the starter phase are according to those verified during the pre-starter phase. Feather deposition reduced as a function of dietary lysine levels only when the dilution technique was used, with no effect of lysine levels the FD when diets were formulated by supplementation.
Assuming that the diets obtained by the supplementation and dilution techniques presented different amino acid balance, and taking into account that this balance is one of the main factors affecting the efficiency of the utilization of limiting amino acids (Heger & Frydrych, 1989) , the absence of formulation technique effects on the ELys during the starter phase was not expected, although our results confirmed the effect of lysine levels on ELys during the pre-starter phase.
The effects of the diet formulation technique on FI, LysI, BWG, FCR, and FD during the starter phase (8 to 22 days) were, in general, consistent with those observed during the pre-starter phase (1 to 8 days). However, PD, LysD, and ELys responses were not affected by formulation technique during the starter phase, in contrast with the results obtained during the pre-starter phase. These observations suggest that the developmental stage of the birds has an effect on tolerance to variations in dietary amino acid balance. Nevertheless, FCR and FD results during the starter phase may support arguments favoring the application of the diet-dilution technique.
The estimated lysine level of 1.187% (0.395%/ Mcal ME), based on FCR, best met the requirements of Cobb 500 broilers during the starter phase. This level corresponded to11.16 g or 797 mg/day of lysine intake, in agreement with Rostagno et al. (2005) , who recommended 797mg/day or 1.189% of digestible lysine for8-to 21-day-old broilers.
In general, our results suggested that the diet dilution technique favored the performance potential of broilers. This contrasts with the results of other authors, who observed equivalent results using both techniques. Considering that experimental diets formulated using dilution normally require a limited inclusion of crystalline amino acids, and considering that the cost of these amino acids often hinders protein nutrition studies, we suggest that using the dilution technique to determine broiler lysine requirements could allow producing economically viable experimental diets.
